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Overview of Presentation 

• Sensors Needs for Energy Production and Energy Efficiency 

 

• Motivational Work on SnO2 

 

• Recent Work on TiO2 and Au Incorporated TiO2 Films 

 

• Optical Response Sensitivity Modeling 

 

• Future Plans 
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Harsh Environment Sensor Needs for Energy 

Production and Energy Efficiency 
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Advanced Fossil Energy Technologies 

Coal-Based Power Plants of the Future are Highly Complex 

Making Sensors and Controls of Crucial Importance. 

http://www.fossil.energy.gov/programs/powersystems/gasification/howgasificationworks.html

Feedstock Flexibility

Product Flexibility
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Advanced Fossil Energy Technologies 

A Wide Range of Gas Species are of Interest for Relevant 

Applications.  In General, Functional Sensor Layers Must Be 

Capable of Operating in Extreme Conditions (T, P, corrosive). 

Table of Relevant Harsh Environments in Advanced Fossil Energy Technologies 
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Opportunities for Efficient Domestic Manufacturing 

Improved Sensors & 

Controls was Listed as  

#12 of the Top 20 

Opportunities for Energy 

Efficiency Improvements. 

Sensors and Controls are Also Important for Improving 

Efficiency of Major Domestic Manufacturing Industries. 
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Thin Film Functional Sensor Layers in Harsh 

Environment Sensing Applications 

System Properties: 

Gas Species, T, P 

(Input Variables) 

Functional Thin Film: 

Electrical, Optical, 

Electrochemical 

(Sensing Element) 

Sensor Technology: 

SAW, Chemi-Resistive, 

Optical  

(Transducer) 

Sensor Response (Sensitivity, Selectivity, Stability) 

Depends Upon Intrinsic Material 

Properties, Average Grain Size, 

Porosity, Electronic / Ionic 

Exchange at Surfaces, 

Microstructural Stability, etc. 
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High Temperature, Harsh Environment Gas Sensing 

Many Harsh Environment Sensing Platforms are Based on 

In-Situ Monitoring of Electrical or Optical Property Changes 

in Functional Thin Film Layers. 

Surface Acoustic Wave Based Optical Waveguide Based 

Gas Sensitive Reflective Layer

From Light Source / Detector

Reflected Back to Source / Detector

Cladding

Core

Gas Sensitive 

Thin Film Overlayer

Prof. David Greve, CMU Paul Ohodnicki, NETL ORD 

Prof. Alex Star, U. Pitt. 

NETL In-House R&D 

Regional University Alliance 

Advanced Sensor Materials 

Chemi-Resistive Based 
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Advanced Sensor Materials Project Timeline 
FY 2012 FY 2013 FY 2014 

Preliminary Materials Screening 

and Capability Establishment 

Material Optimization and 

Prototype Sensor Development 

Prototype Sensor Development 

and Demonstration in Relevant 

Environment 

Fundamental Investigations of Novel Material Design Strategies 

Where we are now… 

Hire  

Post-doctoral 

Researcher 

We are Attempting to Identify Useful and Novel Material Approaches and to Help Bridge the 

Well-Known “Valley of Death”. 

Potential Industrial Partner Involvement? 
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Interactions with Externally Funded Projects 

In-House Research Team 

Ben Chorpening (Team  Lead) 

Paul Ohodnicki (PI, Sensor Materials) 

Thomas Brown (Materials Testing System) 

John Baltrus (Fundamental Material Studies) 

Mike Buric (Sensor Design and Modeling) 

Steve Woodruff (Sensor Design) 

NETL ORD  

In-House Team 

AR / Crosscutting 

Technologies 

Externally Funded 

R&D 

Lessons Learned from 

Prior Funded Work 

ORD Interactions to Provide 

Perspective or Technical Support 

Access to Resources Established By 

Past / Present NETL Funded Work 
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Relevant NETL In-House / RUA Facilities 

Sensor Material Fabrication and Characterization Capabilities Available at NETL and 

Through the Regional University Alliance. 

 

Metal Oxide Film Deposition 

NETL Pittsburgh In-House Facilities: 

1) Sol-Gel Synthesis : Spin Coating 

2) Sol-Gel Synthesis : Dip Coating 

 

Carnegie Mellon University Facilities: 

1) Reactive Sputter Deposition 

Ambient Optical / Electronic Property Characterization 

NETL Pittsburgh In-House Facilities: 

1) UV / Visible Optical Spectrometer + Optical Modeling 

2) Flourometer 

3) Electrochemical Testing Setup (EIS, Cyclic Voltammetry) 

4) Four-Point Probe Sheet Resistance Measurement Setup 

Ambient Chemical / Structural Characterization 

NETL Pittsburgh In-House Facilities: 

1) X-ray Diffraction 

2) Scanning Electron Microscopy 

3) X-ray Photoelectron Spectroscopy w/ Depth Profiling 

Capability 

 

Carnegie Mellon University Facilities 

1) Advanced Thin Film X-ray Diffraction 

2) Transmission Electron Microscopy 

3) Atomic Force Microscopy 

In-Situ Optical Property and Structural / Chemical Characterization AVAILABLE 

NETL Pittsburgh In-House Facilities: 

 

1) UV / Visible Optical Transmission and Reflection at High 

Temperatures in Flowing Gas at Ambient Pressure 

2) High-Temperature, Non-ambient X-ray Diffraction 

3) High-Temperature XPS Reaction Chamber 

4) Temperature Programmed Reduction / Oxidation 

 

In-Situ Optical / Electrical Property Characterization IN PROGRESS 

NETL Pittsburgh In-House Facilities: 

 

1) Additional Optics for Expanded Wavelength 

Transmission at High Temperatures in Flowing Gas 

at Ambient Pressure 

2) High Temperature Electrical Resistance 

3) More Sophisticated Gas Delivery System 

4) Higher Pressure (up to 500-1000psi) Reaction 

Chamber for In-Situ Measurements 
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Motivational Work in the Literature 

Evanescent Waveguide Based Sensors Use Gas-Sensitive 

Optical Absorption of Thin Film Coatings 

Gas Sensitive Cladding

From 

Light Source

To 

Detector

Thin Film Sensitive 

Cladding Layer with Environment 

Dependent Optical Absorption 

A Recent Reference Reported Selective, High Temperature H2  

Sensing  up to 800oC Using SnO2 Deposited on Optical Fibers 

In an Evanescent Wave Optical Absorption Based Sensor 
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First Investigation: SnO2 

Formation of Sn-enriched Nanoparticles is Observed at Reduction 

Temperatures of Approximately 500oC and Above. 

 

Cross-Sectional TEM Data Shows that the Sn-Enriched Nanoparticles are 

Found Embedded Throughout the Reduced SnO2 Film. 

 

Unreduced SnO2 300C Reduced 400C Reduced

500C Reduced 600C Reduced REPLACE w/ 

650C
640C Reduced

300nm

300nm 300nm 300nm

300nm300nm

Sn-enriched particles

Metallic Sn

Particles

Metallic Sn

Particles

500C Reduced : STEM

a) b) c)

d) e) f)

g)

Manuscript Accepted By Thin Solid Films to be Published Soon. 
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XPS and XRD Reduction Experiments of SnO2 Films 

X-ray Photoelectron Spectroscopy Following High Temperature Gas 

Exposure Treatments Can Be Used to Probe Changes in Oxidation State. 

XPS Reduction Experiment Using HighTemperature XPS Reaction Chamber and High 

Temperature X-ray Diffraction Experiments. 
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Custom Set-up for Simulated Optical Sensing 

A Key Piece of Equipment for Our Work is a Custom Designed  

Testing System for Monitoring Optical Property Changes at High   

Temperatures in Response to Changing Gas Atmospheres. 
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Simulated Optical Sensor Response 

A Significant Reduction in Transmission Upon Exposure to 4% H2/N2 is  

Observed at Temperatures Where Reduction of the Film is Expected to Occur  

Based on Ex-Situ and In-Situ Characterization Techniques. 
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Lessons Learned from SnO2 Film Studies 

1) SnO2 is Not Expected to Be a Good Candidate for High Temperature 

Sensing in Reducing Conditions Due to a Tendency for Bulk Film 

Reduction @ T > ~500oC. 

 

2) Measured Changes in Transmission are Proposed to Be Associated 

with Liquid Sn-Nanoparticle Formation, Growth, and Eventually 

Coalescence Upon Full Film Reduction. 

 

3) Prior Work Done on SnO2 Thin Films Deposited on Optical Fibers 

Should Re-Explore Interpretation of Data Considering the Possibility of 

Film Reduction. 

 

4) STANDARD MATERIALS USED FOR GAS SENSING AT LOW 

TEMPERATURES MAY NOT BE RELEVANT FOR HIGH 

TEMPERATURES, HIGH PRESSURES, AND HARSH ENVIRONMENTS 
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TiO2 Films Exhibit Improved High T Stability 

Korotcenkov, G. (2007). "Metal oxides for solid-state gas sensors: What determines our choice?" Materials Science and Engineering: B 139(1): 1-23. 
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Prior Work: Au Nanoparticle Incorporated Oxides 

In a Number of Recent References, Au Nanoparticle Incorporated 

Metal Oxide Thin Films Have Shown Enhanced Gas Sensing Response 

Relative to Base Metal Oxide Thin Films. 

Au / YSZ Au / WO3 Au / TiO2 

An Optical Absorption Peak Associated with the Gold Nanoparticles 

Shifts to Lower Wavelengths in Reducing Atmospheres. 
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Surface Plasmon Resonance Based Sensing 

Surface Charges Create an Internal Field that Acts as a 

Restoring Force on Displaced Charge Carriers Resulting in 

an Oscillation with an Associated Resonance 

External

E-Field

Internal

E-Field

Noble Metal Nanoparticle Illuminated by Incident Radiation

LSPR is an Effect Associated with Free Charge Carriers

m
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Localized Surface Plasmon Resonance in Noble Metal Nanoparticles is 

Associated with the Free Electrons 

A Peak in Absorption Occurs if: 

Re[] -2 m 

Froelich Condition 
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Sol-Gel Deposited TiO2 and TiO2 / Au Thin Films 

Abnormally Large Grain 

Bi-Modal Grain Size Distribution 

Uniform Grain Size Distribution 

TiO2 Film 

20 nm 20 nm

a) b)

20 nm 20 nm

a) b)

Au 

Nanoparticles 

Au 

Nanoparticles 

Tendency for Particles to Occupy 

Grain Boundaries / Triple Points 
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Detailed Microstructure of TiO2 / Au Thin Films 

Au Nanoparticles Tend to Have a Specific Crystallographic Orientation 

Relationship with the Underlying TiO2 Rutile Matrix. 

{110}TiO2
||{111}Au, <111>TiO2

||<110>Au       Most Commonly Observed Here 

{110}TiO2
||{111}Au, <001>TiO2

||<110>Au     Reported to Be the Most Stable  

          (Observed Occasionally) 

 

S. Sivaramakrishnan, “Interfacial properties of epitaxial gold nanocrystals supported on rutile titanium dioxide”, PhD Thesis, Materials Science and 

Engineering, University of Illinois at Urbana-Champaign, 2010. 
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Detailed Microstructure of TiO2 / Au Thin Films 

5 nm

TiO2 RutileTiO2

Rutile

TiO2

Rutile

Au 
Particle

Au Particle
TiO2 

Rutile

{101} TiO2

Twin

TiO2 [1-11] ZA

{110} TiO2

Interfaces

5 nm

{110}TiO2

{111}Au

{220}TiO2

{-1-1-1}Au

{-1-10}TiO2

{-2-20}TiO2

Systematic Row Orientation

TiO2 Rutile

Au Particle

Interface
Dislocation

5 nm

a) b)

c) d)

Au Nanoparticles Tend to Occupy Specific TiO2 Rutile Microstructural Sites. 

Dislocation 

Observed in 

Systematic 

Row Orientation 

{101} TiO2  

Twin Boundary 

Triple Point 

Between Three 

TiO2 Grains 

FFT Illustrating 

{110}TiO2
 || {111}Au 
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Surface Energy Modeling in the Au / TiO2 System 

Reduction in Surface Energy For a Given Au Nanoparticle Volume Can 

Explain a Strong Tendency for Nanoparticles to Occupy Grain Boundaries, 

Twin Boundaries, or Triple Points. 



Au
Nanoparticle

TiO2

Pore

 

Au
Nanoparticle

TiO2

Pore

Grain Boundary, Twin 
Boundary, Triple Point, etc.

TiO2

Contact

Au

2TiOAuTiO /2


3

}111{ /283.1 mJAuAu 

3

}110{ /33.0
22

mJTiOTiO 
3

}111{/}110{/ /61.0
22

mJAuTiOAuTiO 

Equilibrium 

 Contact Angle 

Preserved 

S. Sivaramakrishnan, “Interfacial properties of epitaxial gold nanocrystals supported on rutile titanium dioxide”, PhD Thesis, Materials Science and 

Engineering, University of Illinois at Urbana-Champaign, 2010. 
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Simulated Sensing Responses at High Temperatures 

The TiO2 / Au Film Shows a Potentially Useful Optical Response at  

Temperatures as High as T=850oC But Not for the Base TiO2 Film. 

1) Rapid Response Rate, Particularly at High Temperatures Such as 850oC. 

2) Reversible Response for Multiple Cycles. 
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Advanced Fossil Energy Technologies 

Au / TiO2 Films Have Potential Application in High 

Temperature H2 Sensing for Solid Oxide Fuel Cells. 

 Potential Relevance to Other Applications Needs Investigated. 

Table of Relevant Harsh Environments in Advanced Fossil Energy Technologies 
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More Detailed Studies of Au / TiO2 Films 

A Dramatic Difference in Microstructure is Observed for the 

Highest and Lowest Temperature Calcination Treatments. 

Some Evidence for Substrate Devitrification is Also Observed. 
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More Detailed Studies of Au / TiO2 Films 

Simulated Sensing Experiments Show an Optimal Window 

for High Temperature H2 Response Ranging from 

Approximately 500-800oC. 
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Surface Plasmon Resonance Based Sensing 

Surface Charges Create an Internal Field that Acts as a 

Restoring Force on Displaced Charge Carriers Resulting in 

an Oscillation with an Associated Resonance 

External

E-Field

Internal

E-Field

Noble Metal Nanoparticle Illuminated by Incident Radiation

LSPR is an Effect Associated with Free Charge Carriers

m
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Localized Surface Plasmon Resonance in Noble Metal Nanoparticles is 

Associated with the Free Electrons 

A Peak in Absorption Occurs if: 

Re[] -2 m 

Froelich Condition 
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Comparison of Model with Literature Results 

Experimental Results in Literature Strongly Suggest Direct Interactions 

Between the Oxide and the Gas Atmosphere Followed by Charge Transfer 

Reactions with the Au Nanoparticles. 

Defect Chemistry was 

Linked with Ratios of H2 

to O2 Partial Pressure. 

Experimentally Reported 

Observations Consistent 

With LSPR Modeling  

Theoretical Modeling 

Qualitative Change in 

Optical Absorption is 

Similar to Published Results 
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Temperature Dependence of Sensitivity 

Broadening of the Absorption Peak is Observed at High Temperatures Due 

to Increased Free Electron Scattering in Au.   Shifts Are Also Observed. 

 

The Result is a Decrease in Peak Sensitivity and a Shift in Peak Wavelength. 
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X-ray Photoelectron Spectroscopy 
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XPS Experiments with Au/TiO2 

Trial 1 

Pretreat with O2, 20 min, 600 C 

•  ∆ Ti 2p3/2 – Au 4f7/2 = 375.25 eV 
 

Treat with 10% H2/Ar, 20 min, 640 C 

•  ∆ Ti 2p3/2 – Au 4f7/2 = 374.80 eV 

 

Trial 2 

No Pretreatment 

•  ∆ Ti 2p3/2 – Au 4f7/2 = 375.20 eV 
 

Treat with 10% H2/Ar, 20 min, 640 C 

•  ∆ Ti 2p3/2 – Au 4f7/2 = 374.80 eV 

 
A decrease in ∆B.E. is consistent with 

injection of electrons into the conduction 

band of TiO2 relative to Au.  

Work Performed by John Baltrus, NETL 
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Lessons Learned from TiO2 and Au / TiO2 Studies 

1) Au-Incorporated Metal Oxides Such as TiO2 Display 

Improved Optical Gas Sensing as Compared to Base Metal 

Oxides. 

 

2) A Temperature Window of Optimal Gas Sensing Response 

is Observed at Temperatures Between ~500-800oC. 

 

3) Theoretical Simulations Demonstrate a Broadening of the 

Absorption Peak at High Temperatures and Illustrate Why 

there is a Wavelength Dependent Absorption Response.   
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Future Work 

1) We Will Continue Performing a Combination of 

Fundamental Materials Investigations and Applied 

Research in this Area. 

 

2) A Number of Material Design Strategies Will Be Pursued. 

 

3) Fundamental and Applied Investigations of High 

Temperature Gas Sensor Materials are Important for Fossil 

Energy Applications. 
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Thank you! 

Our Recent Publications in this Area: 

 
1) P. R. Ohodnicki, C. Wang, S. Natesakhawat, J. P. Baltrus, and T. D. Brown, Journal of Applied 

Physics, 111 064320 (2012). 

2) P. R. Ohodnicki, J. P. Baltrus, S. Natesakhawat, B. Howard, and T. D. Brown, Accepted for 

Publication, Thin Solid Films (2012). 

3) P. Ohodnicki et al., Under Review, Journal of Applied Physics, 2012. 

Questions or Comments? 

 

Please contact: 

   Paul.ohodnicki@netl.doe.gov 

      412-386-7389 
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EXTRA SLIDES 
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Sensor Applications in the Aerospace Industry 

High Temperature Harsh Environment Sensors are Also 

Relevant for Jet Engine Monitoring in the Aerospace Industry 

Careful Control of Air / Fuel Ratio Improves Efficiency and Reduces Emissions 

Temperatures up to 1000oC are Relevant in the Gas Turbine Combustion Environment 

D. Senesky et al, IEEE Sensors Journal, Vol. 9, No. 11, November 2009 
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SnO2 Optical Absorption for H2 Exposure at High T 

Examples of Observations Reported by the Authors of This Work: 

1) Increasing Absorption with Increasing Temperature 

2)   Selectivity to H2 as Compared to CH4 or CO 

3)   Transformation is Reversible, Recovery Time Shorter in Air Atmosphere vs. N2 

4)   Logarithmic Relationship Between H2 and Absorbance at Fixed Temperature 

(1) (2) (3) (4) 
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First Investigation : Detailed Study of SnO2 Film 

Interactions with High Temperature H2 Environment 

Original Films were Calcined @ 500oC and Deposited on Float Glass 

Substrates with Limited Temp. Stability (~600oC). 

100nm 100nm

300nm 300nm

~100nm
~300nm

SEM 1 Layer, Plan View SEM, 3 Layer, Plan View

1 Layer, Cross-Section 3 Layer, Cross-Section

50nm

TEM Image

a) b)

c) d) e)

SnO2 Rutile

(Cassiterite)

Small (~10-20nm) Spherical 

Grains of Cassiterite StructureSnO2 

Sol-Gel Deposition: Sn(IV)-isopropoxide (10% w/v) in isopropanol (72 vol%) 

and toluene (18 vol%) Spin-Coated 1, 2, and 3-Layer Films 
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More Detailed Studies of Au / TiO2 Films 

A Series of New Au / TiO2 Films were Prepared Using Similar 

Deposition Techniques for Investigation as a Function of 

Calcination Temperature and Simulated Sensing Temperature. 
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Optical Constants of Au Nanoparticles 

Interband Electronic Transitions Significantly Modify the Optical 

Constants of Au as Compared to the Damped Free Electron Theory. 
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Room Temp. Sensitivity of Au LSPR Absorption Peak 

Three Primary Materials Constants Can Interact with the Ambient 

Environment Resulting in Modifications of the LSPR Absorption Peak. 

 = Damping Coefficient Related to the Effective Resistivity of Au 

 

N = Carrier Density of Free Electrons of the Au Nanoparticle 

 

m = Dielectric Constant / Refractive Index of Matrix Phase 
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Temperature Dependence of Sensitivity 

How is Sensitivity Affected at Extreme Temperatures (e.g. 900oC)? 
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The Three Primary Material Constants all Have an Intrinsic Temperature 

Dependence that Impact the Measured LSPR Absorption Peak  

  Can Be Extracted From Experimentally Measured Resistivity 

Values of Au as a Function of Temperature 

N  Can Be Directly Linked with the Thermal Expansion of Au 

Assuming the Total Number of Free Electrons is Constant 

m  Can Be Estimated from the Temperature Dependence of Optical 

Constants of TiO2 
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More Detailed Studies of Au / TiO2 Films 

Systematic Trends in LSPR Absorption, Film Thickness, and 

Refractive Index are Observed with Increasing Calcination T 
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Opportunities in Existing Coal Based Plants 

Even for Existing Coal Based Plants, the Opportunity for 

Sensors and Controls to Improve Efficiency is Great. 

http://www.netl.doe.gov/technologies/coalpower/advresearch/pubs/G3-ICMS%20Presentation%20080707f1b.pdf 
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Opportunities for Efficient Domestic Manufacturing 

Improved Sensors & 

Controls was Listed as  

#12 of the Top 20 

Opportunities for Energy 

Efficiency Improvements. 

Sensors and Controls are Also Important for Improving 

Efficiency of Major Domestic Manufacturing Industries. 
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Synthesis of Au Incorporated TiO2 Thin Films 

Wet Chemistry Based Deposition Techniques Allow for the Addition of a 

Functional Second Phase Such as Au Nanoparticles. 

Wet Chemistry Based Techniques 

(Sol-Gel) 

Colloidal

Nanoparticles

Base Oxide

Precursor

Deposit on

Substrate / Calcine

Ti (IV) – Isopropoxide, Isopropanol, and Glacial Acetic Acid 


